The development of a versatile tool to quantify magnetic anisotropies in continuous and patterned magnetic thin films is reported. The technique involves measuring the magnetooptic response to a rotating magnetic field. Similarly to mechanical torque techniques, a single measurement obtains both the anisotropy constants and their symmetry axes distribution. The technique has been applied to analyze arrays of submicrometer stripe-shaped Fe ͑001͒ elements with different interelement separations ͑s͒. For s larger than 1 m, the anisotropy associated with the stripes is independent on separation, with a value of the effective uniaxial anisotropy constant very consistent with theoretical estimations for these systems.
The improvement in thin film growth conditions and lithographic techniques is producing a great demand to characterize in fast and straightforward fashion small patterned magnetic structures. Ordered arrays of submicrometric magnetic elements are good candidates for different memory and storage applications, due to their reduced size and controlled geometry. These structures are important as well from the basic point of view, to understand the change in magnetic properties as the size is reduced down to nanometric scales. Both theoretical and experimental approaches are then needed in order to tailor magnetic responses from the bulk material to match specific applications. These studies have just recently become possible, since the development of several patterning methods, such as electron beam 1,2 or x-ray lithography, 3 has allowed the fabrication of a wide variety of patterned submicrometric magnetic structures with well defined shape, crystallinity, and geometrical distribution. [4] [5] [6] On the other hand, their reduced dimensions often imply that the measurements of fundamental magnetic properties cannot be performed easily using conventional bulk techniques, requiring some important modifications or new methods. In particular, specifically designed tools are needed to measure effective magnetic anisotropy constants in patterned arrays. We present in this work a technique that obtains anisotropy constants and their symmetry axes in ordered magnetic structures of nanometric size. The power of the method is illustrated with a continuous single crystal iron film and is subsequently applied to arrays of single crystal Fe stripes.
The samples used in the present study are 30-nm-thick single crystal Fe ͑001͒ films grown on GaAs ͑001͒ substrates. The Fe ͑001͒ layers are covered in situ with a 2.5-nm-thick capping Pt layer to avoid material oxidation. The magneto-optical hysteresis loops of these iron samples exhibit a well defined cubic biaxial anisotropy ͑easy axis along ͓100͔ directions͒ as expected. A single domain state is obtained at remanence in all the applied field directions. The arrays of patterned elements have been fabricated from the continuous Fe ͑001͒ films by electron beam lithography as described earlier. 7 We prepare several arrays of striped shaped objects, 900 nm in width ͑w͒ and 500 m in length ͑l͒, with different stripe separation (sϭ0.5, 1.0, and 1.5 m͒. The total patterned area is a square of 500ϫ500 m 2 . Two sets of arrays have been fabricated: the first one with the stripes oriented parallel to the crystalline Fe ͓100͔ direction ͑magnetic easy axis͒; and the second with the stripes parallel to the Fe ͓110͔ direction ͑hard magnetic axis͒.
The magnetic anisotropy of the samples has been analyzed in a specifically designed magneto-optical torque ͑MOT͒ system that measures the changes in transverse Kerr effect signal under a rotating magnetic field. This field produces a torque in the magnetization in a similar way to mechanical torquemetry. It is also analogous to the optical technique that uses longitudinal Kerr effect to study the anisotropy in ultrathin films. 8 The MOT measurements are carried out in the experimental setup sketched in Fig. 1 . A magnet is mounted on a rotation stage driven by an electrical motor. The frequency of the rotation can be changed between 10 and 40 Hz. A light source is focused on the sample. When measuring patterned structures, a light spot of less than about 100 m diameter is focused within the patterned area. The reflected p-polarized light is focused on a Si photodiode. The signal from the photodiode is compensated from the direct-current ͑dc͒ offset and amplified. The measured reflectivity signal is periodic, with a period that coincides with the rotating magnet. The angle of the applied rotating magnetic field with the plane of incidence ͑␣͒ is monitored with a Hall probe.
When the magnetic field H is applied in the plane of the sample, and its magnitude is high enough to guarantee a single domain state in every direction, the dependence of the reflectivity on the direction of the applied magnetic field ͑␣͒ can be expressed, up to second order terms in the magnetization, as R(␣)ϭR 0 ϩA cos ϩB cos 2 , 9 where is the angle between the saturation magnetization and the axis perpendicular to the plane of incidence. A and B are coefficients which depend on the wavelength and the angle of incidence, 10 for non-normal incidence B is much smaller than A ͑in our case B is typically 1%-5% of A͒. This expression is derived from the reflection coefficient r pp which quantifies the amplitude of the reflected p-polarized light into p-polarized light and is valid only when both the incident and reflected light are p polarized. If either the incident or the reflected light are unpolarized, other terms, coming from the r sp or r ps reflection coefficients may also contribute to the reflectivity. 11, 12 We have checked that those terms are in our case negligible by measuring the field direction dependencies of the reflectivity with and without polarized incident light, being the obtained curves in both cases the same. Therefore, the evolution of ⌬RϭR(␣)ϪR 0 versus ␣ represents a direct measurement of the changes in the direction of the magnetization as the magnetic field rotates.
In Fig. 2 we present the dependence of the reflectivity, for a continuous Fe film, on the angle ␣, for different values of the applied field magnitude H. One of the easy axis is set perpendicular to the plane of incidence, parallel to the x axis. As we increase the magnetic field amplitude the shape of the signal is strongly modified. The observed changes reflect the variation of the angle between the applied field H and the saturation magnetization ͑''phase difference''͒. For a single domain system, this angle can be calculated by minimizing the magnetic free energy, which for the system sketched in Fig. 2 can be expressed as
where K c is the anisotropy constant, M S the saturation magnetization, H the applied field, and ␤ is the angle between the easy axis and the x axis. For the system depicted in Fig. 2 , ␤ϭ0°. In Fig. 2 ͑inset͒ we present the projection of the magnetization along the x axis (cos ) as a function of the angle ␣, for different values of P, where PϭK c /(2HM S ). The parameter P determines the phase difference between the field and the magnetization. There are two marked regions; the first corresponds to the angular range where the magnetic field is rotating from an easy axis towards a hard axis. In this region the magnetization lags behind the field. The other region corresponds to the field rotating from the hard axis towards the easy axis. In this range the magnetization leads ahead the field. The abrupt jumps observed at Ϫ135°, Ϫ45°, 45°, and 135°correspond to the transitions from one region to the other, i.e., the positions where the applied magnetic field is parallel to a hard magnetic axis. The shape of the curves is determined by the ratio K c /2HM S . In this Fe single crystal film, the cubic anisotropy constant obtained from a data fit to the above expressions is K c ϭ4.1ϫ10 5 erg/cm 3 , which agrees with the values derived from the anisotropy field of conventional hysteresis loops with H applied along a hard magnetic axis. It is also similar to values reported for Fe films of comparable thickness. 13 After studying the MOT response for different continuous biaxial and uniaxial systems we proceed to study systems where the method has a great advantage: its suitability to study the influence on the effective magnetic anisotropy of reduced dimensions and interactions in patterned submicrometric elements. As an example we present a study on arrays of single crystalline Fe stripes.
In Fig. 3 we present the MOT response for arrays of single crystalline Fe stripes. Figure 3͑a͒ shows the data when the stripes are patterned oriented along the Fe ͓100͔ easy axis, whereas Fig. 3͑b͒ corresponds to stripes patterned parallel to a hard ͓110͔ axis. For clarity only the curves of s ϭ0.5 and 1.5 m arrays are presented, together with the corresponding curves for the continuous Fe film. Note again that in Fig. 3͑a͒ the Fe easy axis is parallel to the x axis, whereas in Fig. 3͑b͒ it is at 45°with respect to the same axis, i.e., the stripes are placed in the setup vertically ͑parallel to the x axis͒ in both cases. As observed, the shape of the MOT curves for the stripes is different from that for the Fe continuous film, and furthermore, there is a noticeable change as the distance between stripes, s, varies. These changes are due to the stripe shape anisotropy. To quantify this additional shape anisotropy we fit the data by minimizing the magnetic energy of the system. In addition to the crystalline anisotropy, we introduced now a term for the stripe shape anisotropy, that as a first order approximation can be treated as a uniaxial anisotropy. The expression in Eq. ͑1͒ for Fe continuous films is then modified for the stripes as
The first term corresponds to the additional uniaxial anisotropy induced by the stripes shape. The parameter ␤ is 0°and 45°for stripes parallel to easy and hard axis, respectively. The phase difference between the field and the magnetization depends now on two parameters, P 1 ϭK sh /(HM S ) and P 2 ϭK c /(2HM S ). The value of P 2 is obtained from the continuous Fe film MOT curves fit, and is a fixed value for the theoretical fit of the MOT data for the stripes. The main results are: for arrays of stripes with sу1 m, our data analysis shows a separation independent behavior of the effective shape anisotropy constant, with K sh ϭ5.5 ϫ10 5 erg/cm 3 . This value is very similar for stripes either parallel to easy or hard magnetic axes of the continuous film. For separations smaller than 1 m K sh decreases significantly down to K sh ϭ2.2ϫ10 5 erg/cm 3 for sϭ0.5 m. This suggests that magnetic interactions between stripes become relevant at this small separation range, in good agreement with previous results in arrays of Fe ͑001͒ microtiles where magnetic interactions are important for interelement separations smaller than 0.9 m.
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Our experimental values of the effective anisotropy constant associated to the stripe shape K sh can be compared with estimations of the shape anisotropy constant K s . In these structures, it can be approximated as K s ϭ1/2(N a ϪN b )M s 2 , where N a and N b are the demagnetizing factors along the width and the length of the stripe, respectively, with M s the value for the saturation magnetization of Fe.
14 Considering the expressions for the demagnetizing factor of a general ellipsoid, 15 N a and N b for a stripe can be evaluated as N a ϭ4t/(wϩt)ϭ0.13 and N b ϭ0. This estimation then obtains K s ϭ6.0ϫ10
5 erg/cm 3 , which is in good agreement with our experimental result K sh ϭ5.5ϫ10 5 erg/cm 3 . In summary, a magneto-optical torque technique has been developed in order to characterize the magnetic anisotropy of patterned submicrometric structures. The method has been applied to arrays of Fe ͑001͒ stripes with different interelement separations s. The effective shape anisotropy induced by the patterning is independent of the separation distance ͑s͒ for sу1 m, with K sh ϭ5.5ϫ10 5 erg/cm 3 , in excellent agreement with shape anisotropy estimations. For the smallest separation this effective anisotropy is reduced down to 2.2ϫ10 5 erg/cm 3 , due to the presence of magnetic interactions between neighbors elements. FIG. 3 . Angular dependence of the reflectivity ͑points͒ and corresponding fits ͑lines͒ to Eq. ͑2͒ for arrays of Fe ͑001͒ stripes with different separation s values at Hϭ1500 Oe. The continuous iron film data are also shown. The insets are sketches of the geometrical configurations of the stripes with respect to the crystalline Fe ͓100͔ magnetic easy axes. ͑a͒ Stripes oriented parallel to an easy ͓100͔ axis; ͑b͒ stripes oriented along a hard ͓110͔ axis.
